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INTRODUCTION AND SUMMARY

There are available, and largely obtained thru experience, a
number of entirely practical short cuts or rules of thumb for
evaluating different aspects of system engineering of electric
utilities. Acknowledging at the outset that these often: require
follow up thru detailed analytical work, they are nonetheless
extremely useful in obtaining practical limits, using the follow
up for optimization or refinement.

This paper is intended to demonstrate some examples related
to transmission relaying and reclosing, and in some cases with
the relevant analytical methods, altho time and length
constraints preclude including the development of those methods.

The paper includes reference to other than fault situations
which the protection engineer must be aware of in the
application of relaying or allied automatic control schemes such
as reclosing.

The presentation recognizes the typical breakdown of
technical functions in the implementation of a project
including:

planning applications
design construction
commissioning performance analysis,



but will concentrate on applications engineering, tho with cross
reference to some of the other items.

Finally, most of what are suggested as reasonable guides
apply to higher voltage lines. Different technical arguments
qualify these rules to some extent for lower voltage (115 KV and
below) circuits.

APPLICATIONS

Transmission Loading

The power angle across a line is roughly proportional to
line loading., The reactive loading is contingent on voltage
profile.

Figure 1 gives the development of the basic concept of surge
impedance and surge impedance load (SIL).

Figure 2, columns 1, 2, and 3 give typical values of surge
impedance, SIL, and positive sequence line charging for 34.5 KV
thru to 765 KV transmission. These may vary, of course,
contingent on line design.

Figure 3 shows how to do a rough correlation on the R-X
diagram between power angle and impedance as seen from the two
terminals of a line - the error in this approximation being that
it does not include the effect of line charging.

As a guide:

i) for pre fault power angles up to about 15 degrees
(scheduled or off normal loading) there is not likely to be
much sophistication in line relaying, at least for two
terminal circuits.

ii) for angles between 15 and 30 degrees, there will be
increasing sophistication, possibly requiring elliptic,
quadrilateral, lens, multi circle or peanut, or like
characteristic.

iii) for angles in excess of 30 degrees, phase comparison
or similar sophistication would probably be necessary.
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Unloading Factors During Fault

As is well known, if the Zo/Zl ratio at the point of fault
is less than 1, the Lg fault will exceed the three phase, the
theoretical limit (for Zo/Z1 = @) being 1.5 for both phase and
ground current. For the LLg configuration, the corresponding
values are 1.73 and 3.

The instantaneous unloading factor during fault for
synchronous machines connected thru single transmission can be
taken as the reduction in positive sequence voltage at the point
of fault.

For induction motors, the unloading factor is
2
(1 - v1 )

Referring to and applying Figure 4 for say a busbar fault,
and if Zo/Z1 = @.5, then considering synchronous machines:

i) for the three phase fault, the unloading factor is, of
course, l1l.00.

ii) for the LL fault, where V1 = 0.5, the unloading factor
is @9.5.

iii) for the Lg fault (which, since Zo/Z21 = @¢.5, will be
1.2 x the three phase fault in amperes), the unloading
factor will be
1 - 21 + Zo = @.4
221 + 7o

For a mid line fault with one line in service, and for the
same ratios, the unloading factors would be the same. For two
lines in service, the unloading factors would be less, because
the minimum V1 on the healthy line would not be as low as on the
faulted circuit.

Generator/Motor Acceleration/Deceleration

Figure 5 gives the method for calculating initial changes in
power angle or frequency following inception of fault.

For synchronous machines fitted with high speed regulators,
the tolerable change in angle using this method of calculation
is usually about 30 to 40 degrees without impending instability.
The actual change that takes place will be less because of any
or all of relcad due to angular change and pole saliency, and
the effect of increasing voltage behind generator transient
reactance as a result of regulator action.
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For machines with no regulators, the tolerable angle is
about 15 degrees.

For induction motors, the problem will be increasing
reactive requirement with speed drop, leading eventually (except
for very high short circuit level busses) to voltage instability
or collapse. For modern induction motors and typical short
circuit levels on the motor bus (say not less than 8 x connected
load), the maximum tolerable speed drop is usually about 3% or
SO.

Faults usually have to be cleared in times consistent with
the foregoing, and this gives some idea whether carrier
application or other sophistication is required.

Evolving Fault

Fault evolution to involve another phase while a breaker is
tripping can be one of the most onerous duties that that switch
may confront. This is particularly true for arc assisted
extinction breakers such as bulk o0il or magnetic blowout.

Fault evolution may occur because of convection, arc
extension, or ultra violet effect - or it may of course, be due
to a physical cause such as wind or an object hitting the line
and faulting the phases in sequence, but the engineer cannot do
much about the latter.

Convection is much dependent on wind. The rules of thumb do
not apply in our experience.

Arc extension will occur (because of magnetic blowout) at
the rate of about 5 feet/second unless wind assisted - and if it
is so aided the cooling and the diminishing arc stability may
force extinction. Thus, for a 15 foot phase spacing on a 23@ KV
line, it could take up to three seconds for an arc to involve a
second phase on tangent structures, but, if mid span
transpositions were used, and fault occurred there, the
evolution time could be as short as 1 - 1.5 seconds.

The ultra violet effect is practically instantaneous, but is
of little relevance at 138 KV and above, on conventional spacing
lines. For 69 KV and below, second or third phase involvement
(due to this cause) will usually occur within 20 milliseconds if
it is to occur at all.
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Fault Transfer Between Breakers

For ring bus or equivalent stations where two or more
breakers are connected to a line terminal, and assuming that
there is a mix of breakers with different clearing times, the
first breaker to open will have zero recovery voltage across it
and therefore not interrupt anything. Thus, if build up of
dielectric strength is arc assisted - as for oil blast
breakers - that breaker will not develop maximum strength, and
when the second breaker opens, imposing full recovery voltage
(on both breakers), the first breaker may restrike. Being partly
open, it will develop no oil blast (or, for magnetic blowout,
the magnetic forces will start too late in the opening cycle),
and in all likelihood fail to interrupt and explode. This can
and has happened, with some rather dramatic results.

The foregoing is critical for arc assisted interruption and
for differential clearing times (on modern breakers) between
roughly 2 and 16 milliseconds.

The problem can exist only if the arc assisted breaker is
the first to open. If the second, the breaker will have no
difficulty, as long as fault current is within rating, of
course.

To preclude ambiguity, the problem is not breaker
interrupting rating, but sequential tripping.

Three Phase Tripping

For three pole tripping of transmission, recovery voltages
will result in incremental shaft torques (these being different
to the shaft and machine winding forces at fault inception,
which the machines must be able to withstand, of course), but
these are not likely to relevant except possibly for lines
loaded to in excess of 3@ electrical degrees or so - and even at
that angle, the torgues are not likely to be damaging.

Reclosing may be different.

Consequential Tripping

Consequential trip is sometimes required concurrent with
line fault, as for long transmission connecting generation to
system, where loss of one of say two circuits compels
disconnection of some machines to preclude instability. If this
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type of feature is required at all, it is usually necessary to
anticipate the situation and take that action concurrent with
line tripping - not rely on subsequent detection of an impending
problem.

Line Charging

If any tripping segquence is likely to lead to unloaded
generation being connected to transmission - isolated from the
rest of the system - then the net reactive current (charging
current less any shunt reactors, if applied) has to be absorbed
by the machines.

Ignoring end iron heating (for thermal machines), a solid
rotor generator can absorb reactive (at zero power loading) in
an amocunt equal to

generator MVA
Xd

at zero field. If line reactive exceeds that capability, self
excitation will occur and the voltage will rise, but usually at
a rate which will accommodate high speed tripping of
transmission on excess reactive or overvoltage protection.

The ratio of net line charging to bus three phase fault
level (based on generator subtransient reactance) has to be held
to < 6.2 if one is to avoid excessive breaker recovery voltages
and possible breaker restrike or failure.

For salient pole machines fitted with negative excitation,
the theoretical reactive absorbing capability - again at zero
load - is

generator MVA.
Xg

Here there could be a real risk - particularly taking into
account the prospective higher overspeeds on salient pole (hydro
electric) machines than would apply for thermal sets, and the
changes in line charging and machine reactances at higher
frequencies. If line charging exceeds that corresponding to Xqg,
the machine can slip one pole (180 degrees), "lock in" in a
phase inverted mode, and the regulator and voltage can "run
away", with negative excitation now boosting - not bucking - the
voltage.

Consequential trip, line charging, excitation systems, and
prospective overspeeds have to be integrated into a
comprehensive scheme of reactive control and overvoltage
protection - there being no single rule of thumb that says how
to do it.
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Figure 6 gives a typical real/reactive power (P-Q) diagram
for a salient pole machine with negative excitation.

System Electrical Center And Slip Circle

The system electrical center is relevant to the
performance of distance relays during swing or instability.

The electrical center is that electrical point on the
system - whether transmission, transformation, or generation -
at which there is zeroc voltage for 180 degrees phase
displacement between machines. If on transmission, the center
can be identified as a physical point. If in a generator or
transformer, it is an equivalent impedance within the device,
and analyzed and treated as such,

Ignoring the effects of voltage regulators, the center will
lie at that point where the impedances are the same looking in
both directions.

The effect of voltage regulators is to push the center
towards the remote terminal - the amount of displacement
depending on speed of slip (frequency differential) and the
speed of regulation, as well as the incremental reactive
available from generation.

Figure 7 gives the basic concept of the slip circle, without
including the sophistication of regulator action. It can be used
to assist the applications engineer in identifying the need
and/or location of out of step tripping or blocking.

LLine Three Pole Reclosing, Without Transformation

Line auto reclosing may sometimes have to be qualified by
system configuration and/or short circuit levels.

For lines without direct connected transformation - that is,
re-energizing transmission alone - there is often a case to be
made for first reclose from the higher short circuit level
station.

The supporting arguments include:
i) for reclose onto fault, and allowing for random fault
location, the probability is that the source voltage and the

rest of the system will be less affected for other than
fault very close to the station.
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ii) for reclose without fault, the prospective switching
surges will probably be lower (this is not always true,
however), and the step voltage change due to line charging
will be less.

For busses with nearby high speed voltage regulation
{(generation, static var compensators, or the like) the net line
charging should not exceed about 208% of the three phase short
circuit level on the bus. If it does, the breakers could face
recovery voltage problems on trip for unsuccessful reclose onto
an unsymmetrical fault.

For busses without high speed regulation, one should use a
limit of about 1¢%.

Line Three Pole Reclosing, With Connected Transformation

Transformation is sometimes switched with transmission.

This can impose desired if not mandatory constraints on
reclosing, particularly if auto transformers are applied, and
even more important, if they are not fitted with delta
tertiaries. In each case the concern is prospective switching
surges which may result in line flashover, arrester conduction,
or, in an extreme, transformer failure.

The preferred line terminal for line plus transformer
re-energization is usually that station remote from the
interposed transformer (s). There are exceptions, of course, and
if one had one's "druthers", one would not energize the two
together at all - at least not for lines in excess of 50 miles

OY s0.

Transformers without tertiaries would not normally be
applied in this context, but if they were, switching would
almost certainly have to be thru breakers with pre-insertion
resistors. Not to do so could easily lead to switching surges of
2.5 per unit or more.

Line Synchrocheck

The second terminal to close of a line being returned to
service may be fitted with synchrocheck.

The angle across that open breaker is the power angle across
parallel transmission, or the integrated power angle across
other circuits.

Page 8



The angle in degrees across the loaded circuits will be

MW x 9.12 x miles
SIL

and that method of calculation is more than sufficiently
accurate to set the synchrocheck relays.

The rule tells what 1is required to get the breaker closed,.
Whether it is safe to close the breaker is another matter.

In addition to angle, there will in all likelihood be a
voltage differential as well., The prospective voltages on the
terminals of the loaded circuit would have to be obtained from
load flow studies or operating experience. The voltage rise (due
to line charging) on the unloaded circuit, from remote terminal
toward the open breaker, will be

Terminal Voltage ( 1 - 1)
cos(line miles x ¢.12)

or the absolute voltage on the line side of the open breaker
will be

Remote Terminal Voltage ( 1 - 1)
cos(line miles x 0.12)

Figure 8 illustrates the foregoing.

Prospective Generator Stresses

The fact of closing a circuit with a finite power angle
across it will stress the generator stator winding end turns,
shaft, and foundation.

Figure 9 is used as reference in working out an example.

One line has been closed at one terminal, and is ready for
closing at the other. The second circuit is carrying 525 MW, or
1.5 x SIL, and the power angle across that line - and therefore
the open breaker - is

1.5 x .12 x 140 = 25.2 degrees,
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The contribution from Gl to three phase fault on bus A is
assumed to be 6888 MVA, and from G2 to B, 90¢¢ MVA. Converted
into ohms, these are

2
(KV)
MVA

or 19.8 and 13.2 ohms respectively, which in turn, at say 0.6
ohms/mile, corresponds roughly to 33 miles and 22 miles of 345
KV line with an infinite bus behind each.
Thus, the total power angle from Gl to G2 would be
1.5 x 9.12 = 9.18 degrees/mile

across a total of 22 + 33 + 140 = 195 miles, giving a power
angle of

.18 x 195 = 35.1 degrees
between voltages behind transient.
On reclosing, the equivalent transmission length is

22 + 33 + 140 = 125 miles.

2

The same power angle of 35.1 degrees applies for the
transient mode however, and the power transfer is therefore

SIL x degrees/mile 350 x 35.1
g.12 125 x ¢.12

819 MW, or an increment of

i

819 - 525 294 Mw,

which would be corrected by a realignment of machine angles, and
which (power increment) would be distributed among the various
machines at each terminal in inverse proportion to the
impedances from the respective busses to those machines.

For this case, the generation at each bus would be probably
at least 30% of the short circuit levels, or say a minimum 2¢00
MVA or so, and the roughly 15% impact loading, while not likely
damaging to machines, would probably result in an audible "buwmp"
on reclose.
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By comparison, the peak oscillatory loading of a generator
for three phase fault and with full offset current on one of the
three phases (with 50% offset on the other two, of course) is

2
3E
2 Xav
or, for a machine with an Xd" of say @¢.15 ,
2
3 x 1.0 = 10 x machine rating
2 .15

Maximum prospective currents in a stator winding (for other
than fault, of course) occur for 18¢ degrees out of phase
closing, but maximum shaft torques, stator stresses, and
foundation loadings occur for 120 degrees out of phase, and
those loadings, for connection to an infinite bus and with no
differential in voltage magnitude on closing, will be 2,6 times
those for the three phase fault, increasing to 2.69 times for a
5% voltage differential stacked on top of the 120 degree phase
angle.

Figure 10 gives the formula for machine transient loading
for out of phase switching.

Note that the same stresses do not apply for instability =~
the latter are much less, since the slip frequency between
systems is almost always small enough that Xd, or, at worst, Xd'
applies. Further, there is no offset current wave to add to
machine torques.

Single Pole Tripping

The classical application of single pole switching is to
accommodate transient Lg fault, altho there have been other
reasons for its use on rare occasions. It can and has been used
to accommodate LL fault on vertical configuration transmission,
but this is a pretty unusual requirement. As a matter of
interest, two pole switching for LLg fault has been applied, and
on one occasion held two systems in synchronism where the
faulted circuit was the only tie,

Assuming the other (following) constraints are met, the

effect of opening one phase on a transmission line is to roughly
double the transfer impedance of that circuit.
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For single transmission, without over or underlying
circuits, single pole switching is usually practical if

i) pre fault power angle across the line does not exceed 25
electrical degrees (30 degrees is manageable, but one is now
facing considerable sophistication in relaying).

ii) the Zo/Zl ratios of the terminal busses, excluding the
effect of line itself, does not exceed 1 - or, if it does,
the power angle is less in a corresponding amount.

iii) the ratio of three phase short circuit level to line
loading at each bus - again ignoring line contribution =-isg
not less than about 3, or that bus is fitted with high speed
voltage requlation thru rotating plant, var compensators, or
the like.

iv) to insure secondary arc extinction, the ratio of power
arc to secondary arc is not less than about 50 desired, 25
tolerable, 15 about the lower limit (it has been tested and
worked at a ratio of 14- the arc extinction time was 4¢
cycles!) altho these can all be reduced if the line is
fitted with phase + neutral reactors to force arc
extinction.

Note - and this has been proved by primary tests at up to
490 KV -~ that the absolute value of secondary arc current ia
not the ruling consideration. The ratio, given preceding, iwu
the dominant consideration in that arc persistence or
extinction.

Note, too - and this was proven thru primary tests and
operating experience on a 135 mile 345 KV line fitted with
single pole switching but with conventional two zone
relaying and no carrier assist for high speed clearing of
end zone fault - that delayed clearing of fault will not
interfere with secondary arc extinction (within the
constraints of possible fault evolution of course and the
required longer dead time).

The secondary arc includes a transverse component, magnitude
contingent on line positive and zero sequence capacitances.
The formulas for calculating that current and the corresponding
open phase voltage after secondary arc extinction are included

in Figure 11.

The zero sequence current across the line during one phase
open will introduce a longitudinal voltage (and corresponding
secondary current as well, contingent on fault location). That
current has to be added vectorially to the transverse to give

total secondary arc.
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Being a vector addition, it is probably self evident that
the reactive component of power transfer will dominate in
affecting the otherwise capacitive secondary arc.

The longitudinal component will not usually be significant,
compared to the transverse value, for power transfer below S5Il,
as long as the net reactive power to or from the line is shared
within < about a 1.5:1 ratio between the line terminals,

Operating experience shows that there may be one,
occasionally two, and very rarely three secondary arc
reignitions (excluding the case where the arc fails to go out at
all), and these usually occur within 20 milliseconds of arc
extinction. Thus, allowing for restoration of dielectric
strength (which is not 1008% at the time of arc extinction), the
practical dead times for single pole switching are ¢.3 seconds
absolute minimum, ¢.5 seconds desired, and with not much gain
for times beyond one second.

DESIGN

Overcurrent Relaying

On longer circuits, where the ratio of line to source
impedance is > 3 for both terminals, high speed non directional
phase overcurrent relays can nearly always be applied as backup
to whatever other line relaying is used, and for dead line
pickup.

1f phase selection is not required, the use of phase
difference or delta currents will make those overcurrent relays
see'" the same current for LLL, LL, or LLg fault - the latter
regardless of the distribution of Io.

High speed non directional neutral overcurrent relays can be
applied in exactly the same way if line Zo > source Zo for both
terminals.

This is not to suggest that overcurrent relays alone will
suffice. They can be an inexpensive, extremely reliable, and
very fast complement to other line relaying in the above
circumstances, however, and may be of particular value where a
high system X/R ratio results in current offset that may
interfere with distance relay operation.
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Phase Relaying Response For Lg Fault

The response of phase distance relays to Lg fault is
sometimes relevant in an applications context (for example,
single pole switching), or operations (to assist in approximate
fault location from relay targets).

For the Westinghouse KD compensator relay or equivalent
other characteristic (whether electromechanical or static is
irrelevant), the prospective response is as given in Figure 12,
and is independent of source positive sequence impedance.

CONCLUSIONS

There are no real conclusions to the foregoing. The intent
was to illustrate some methods of approximating applications
requirements or design considerations, in some cases not
necessarily relaying itself, but relevant to relaying
nonetheless. The examples chosen are typical, but represent
perhaps 1% of that required of a relaying applications engineer
on a large interconnected system,

It is hoped that the ideas and presentation may be of some
use.
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